In addition to its role as an inhibitory neurotransmitter, ␥-aminobutyric acid (GABA) is presumed to be involved in the development and plasticity of the nervous system. GABA is synthesized by glutamic acid decarboxylase (GAD), but the respective roles of its two isoforms (GAD65 and 67) have not been determined. The selective elimination of each GAD isoform by gene targeting is expected to clarify these issues. Recently we have produced GAD65 ؊͞؊ mice and demonstrated that lack of GAD65 does not change brain GABA contents or animal behavior, except for a slight increase in susceptibility to seizures. Here we report the production of GAD67 ؊͞؊ mice. These mice were born at the expected frequency but died of severe cleft palate during the first morning after birth. GAD activities and GABA contents were reduced to 20% and 7%, respectively, in the cerebral cortex of the newborn GAD67 ؊͞؊ mice. Their brain, however, did not show any discernible defects. Previous pharmacological and genetic investigations have suggested the involvement of GABA in palate formation, but this is the first demonstration of a role for GAD67-derived GABA in the development of nonneural tissue.
␥-Aminobutyric acid (GABA) is the principal inhibitory neurotransmitter (1, 2) that is synthesized from glutamic acid by glutamic acid decarboxylase (GAD) in GABA-utilizing (GABAergic) neurons (3, 4) . Recent investigations have revealed that GAD and GABA are also transiently expressed in non-GABAergic cells of the embryonic and adult nervous system (5-7), suggesting their involvement in development and plasticity (8) (9) (10) . GAD exists as two isoforms with molecular masses of 65 and 67 kDa (GAD65 and GAD67, respectively), which are encoded by independent genes (4) . Several different properties of these isoforms (3, 4, 11) have suggested that they have distinct roles in neural functions. The use of gene targeting for the selective elimination of each GAD isoform is expected to settle these issues. The recent production of GAD65 Ϫ͞Ϫ mice (12, 13) yielded the unexpected finding that lack of GAD65 does not change brain GABA contents or animal behavior, except for a slight increase in susceptibility to seizures. Here we report the production of GAD67 Ϫ͞Ϫ mice. These mice have cleft palate, resulting in neonatal death, and a marked reduction of GABA in the absence of discernible structural defects in the brain.
MATERIALS AND METHODS
Construction of the Targeting Vector and Production of Mutant Mice. GAD67 gene fragments were cloned from a TT2 cell genomic library (14) using mouse GAD67 cDNA (15) as the probe. A 7.0-kb EcoRI-EcoRI fragment containing exon 1 was subcloned into pBS (Stratagene). A TrpS-LacZ͞pGKNeo cassette (16) was inserted into a unique BamHI site in exon 1. Diphtheria toxin-A gene (pMC1DT-ApA) was included in the targeting vector to allow selection against random integration (12) . The targeting vector (Fig. 1A) was linearized with HindIII and electroporated into TT2 embryonic stem (ES) cells (16) . DNA isolated from G418 (GIBCO͞BRL)-resistant clones was digested with EcoRI and screened by Southern blot analysis using the external probe A. Southern blot analysis was also carried out using a Neo probe to ensure the selection of ES clones containing only one copy of the construct. Homologous recombination was detected in 4 of 96 clones analyzed. These ES cells were injected into eight-cell embryos from ICR mice. The mutant mice were obtained by mating chimeric mice with C57BL͞6 mice, as described previously (12, 16) . The day when the vaginal plug appeared in the dam was designated as embryonic day 0.5 (E0.5), and the morning following birth was designated as postnatal day 0.5 (P0.5).
Reverse Transcriptase-PCR (RT-PCR) Analysis. Total RNA was prepared from the cerebral cortex of P0.5 mice using TRIzol Reagent (GIBCO͞BRL). RNA was reverse transcribed and PCR amplified by using GAD67 5Ј and 3Ј primers [corresponding to nucleotides 282-303 and 759-777 of GAD67 cDNA (15) , respectively] or GAD65 5Ј and 3Ј primers [corresponding to nucleotides 921-940 and 1257-1276 of the GAD65 cDNA (12) , respectively]. Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) primers were used to assess the quality of the RNA (17) . The 495-, 355-and 983-bp fragments are derived from GAD67, GAD65, and G3PDH mRNA, respectively.
Western Blot Analysis. The analysis was performed as previously described (12) . Anti-GAD65͞67 antiserum (12) recognized both GAD65 and 67, and anti-GAD67 antiserum (K2, Chemicon) selectively detected GAD67.
Measurement of GAD Activity and GABA Content. The enzymatic activity of GAD in the tissue homogenates was assayed by conversion of 14 C-labeled glutamic acid to 14 CO 2 in the presence or absence of 200 M pyridoxal phosphate (PLP) as previously described with slight modifications (12, 18) . GABA levels in the tissue homogenates were measured using high-performance liquid chromatography and fluorescence detection of o-phtalaldehyde-derivatized adducts (BAS, Japan).
In Situ Hybridization. Tissues were quickly frozen in powdered dry ice, and frozen sections of 10-12 m thickness were prepared. In situ hybridization was performed using digoxigenin-labeled GAD67 or 65 cRNA probe as previously described (19) . Digoxigenin was detected with anti-digoxigenin antibody conjugated with alkaline phosphatase. Counterstaining was performed with 0.2% methyl green.
Immunohistochemistry. Brains of P0.5 mice or whole embryos (E14.5 and E17.5) were fixed by immersion in 4% paraformaldehyde and 0.25% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). After equilibration with 30% sucrose solution, 10 m frozen sections were prepared. Immunohistochemistry with anti-GABA antiserum (A-2052, Sigma) was performed using Vectastain ABC kit (Vector Laboratories). Staining with hematoxylin-eosin or 0.1% cresyl violet was also performed on the frozen sections.
RESULTS AND DISCUSSION
Production of Mutant Mice. We generated GAD67 mutant mice from TT2 ES cells in which the first exon of GAD67 gene had been disrupted by insertion of a LacZ-Neo cassette ( Fig.  1 A) . Deletion of the GAD67 gene in mice derived from these cells was confirmed by Southern blot analysis of tail-tissue DNA (Fig. 1B) . RT-PCR analysis revealed that GAD67 mRNA was not expressed in the brains of GAD67 Ϫ͞Ϫ mice and was reduced to about one-half normal levels in GAD67 ϩ͞Ϫ brain (Fig. 1C ). There were no differences in GAD65 mRNA among GAD67 ϩ͞ϩ, ϩ͞Ϫ, and Ϫ͞Ϫ mice (Fig. 1C) . Corresponding changes were observed in GAD67 protein by Western blot analysis ( Fig. 1 D and E ).
Mice were produced from heterozygous parents at the expected Mendelian frequency (24% wild type, 51% heterozygous, and 25% homozygous; n ϭ 160). At birth, the littermates were indistinguishable from each other in appearance. Afterward, however, homozygous mutant mice displayed gradual swelling of the bowels and their stomachs remained unfilled with milk ( Fig. 2A) . They became cyanotic and exhibited gasping respirations. All GAD67 Ϫ͞Ϫ mice died during the first morning after birth (day P0.5). Severe cleft palate was found in all homozygous mutants (Figs. 2 B and D and 3B) . Formation of the second palate appeared to be completely obstructed. The stomach, duodenum, and jejunum of the null mutants were filled with swallowed air. The lung was partially airated, but was mostly atelectatic (not shown). When milk was introduced to the mouth with a cannula, the newborn mice with cleft palate showed the similar suckling response to that of wild mice. Therefore, it was tentatively concluded that the neonatal death was due to respiratory failure rather than to the impairment of suckling.
GAD Activity and GABA Content in the Cerebral Cortex. The results on the P0.5 and adult mice are summarized in Table 1 . Because only data for adult GAD65 mutant mice were reported in our previous paper (12) , the values for GAD65 Ϫ͞Ϫ mice at P0.5 have been included in the table. In the cerebral cortex of P0.5 GAD67 Ϫ͞Ϫ mice, GAD activity was less than 20% and GABA content was 7% of the respective values for wild-type littermates (Table 1) . GAD67 ϩ͞Ϫ cerebral cortex contained 62% PLP-independent GAD activity and 65% GABA content of wild-type cortex, but the reduction was still highly significant. Comparable reductions were also observed in E14.5 GAD67 homozygous and heterozygous mutants (data not shown) and in GAD67 ϩ͞Ϫ adults. The marked reductions of GABA in GAD67 mutants are in sharp contrast to GAD65 knockout mice, which maintain normal levels of GABA (Table 1 and ref. 12) . These results indicate that the major component of GAD in developing animals is GAD67. Selective reductions of PLP-dependent GAD activity in GAD65 Ϫ͞Ϫ mice are also shown by the decrease in the ratio of PLP-dependent to PLP-independent activity (Table 1 and ref. 12). These findings are consistent with the view that dependency of GAD activity on exogenous PLP is higher for GAD65 than for GAD67 (3, 4) . The significant reductions of not only PLP-independent but also dependent activities in P0. GAD67 mutants, however, indicate considerable PLP dependency for GAD67.
Histology and Behavior. In spite of the proposed neurogenetic role of GABA (6, (8) (9) (10) , the gross structure of the brain appeared normal in the GAD67 Ϫ͞Ϫ newborn (Fig. 3 D-F) . The cerebral cortex had the usual pattern of cell distribution in each layer (Fig. 3E) , and the hippocampus and cerebellum showed characteristic histologies ( Fig. 3 D and F) . As expected, in situ hybridization of GAD67 Ϫ͞Ϫ brain demonstrated the absence of GAD67 mRNA signals, without significant changes in GAD65 signals (not shown). Immunohistochemistry with anti-GABA antibody disclosed that GABA staining was greatly reduced in the cerebral cortex, cerebellum, and most other regions (Fig. 3 G-J) but the reduction was not so pronounced in other regions such as the superior colliculus and brainstem. In the GAD67 Ϫ͞Ϫ cerebellum (Fig. 3J) , most cortical GABAergic neurons did not show GABA immunoreactivities, but a few cells (arrows) and their processes in the deep part were highly positive. If GABA is required during the early stage of neurogenesis (6, 8, 9) , the small amount of (4) Values are expressed as the mean Ϯ SEM. Numbers of mice (from several littermates) are indicated in parentheses. *Absence or presence of 200 M pyridoxal 5Ј-phosphate in the incubation medium, respectively. † P Ͻ 0.05 and ‡ P Ͻ 0.01, compared with GAD65ϩ͞ϩGAD67ϩ͞ϩ (Student's t test). GABA synthesized by GAD65 may be sufficient to allow normal or nearly normal development of the GAD67 Ϫ͞Ϫ brain. This hypothesis will be explored using GAD65 and GAD67 double-knockout mice that completely lack GABA.
Movement of the limbs and trunk in newborn GAD67 null mutants was active and coordinated without apparent neurological disorders. After delivery by cesarean section at E17.5, fetuses of all genotypes commenced body movements similarly. GABAergic synapses are already formed in newborn animals, but may not exert inhibitory functions because of high intracellular concentrations of chloride (20, 21) . For these reasons, GABA deficiency may not result in behavioral abnormalities in newborn mice. Decreases in GAD activity and GABA content in the brain were also detected in adult GAD67 ϩ͞Ϫ mutants (Table 1) . In these animals, however, neurological disorders were not observed, and learning in a Morris water maze and susceptibility to picrotoxin-induced seizures did not differ from those of wild-type mice (data not shown).
Cleft Palate and Analysis on Palatal Tissue. All of GAD67 Ϫ͞Ϫ mice died of cleft palate during the first morning after birth. Because palate development in mice takes place during day E13.5 to E15.5 (22), we examined expression of GAD and GABA in the maxillary regions, including the palate, in E14.5 mice. Wee et al. (23) have shown that the GABA content of the palate is about half of that in the body excluding the brain, and is lower on day E14 than on E13 and E15. GAD activity and GABA were almost undetectable biochemically, but Western blot analysis showed a faint but clear band of GAD67 protein in the fetal maxillary tissue in GAD67 ϩ͞ϩ and ϩ͞Ϫ mice (data not shown). This band was absent in Ϫ͞Ϫ mice. Neither in situ hybridization (Fig. 3B ) nor immunohistochemistry demonstrated GAD-or GABA-positive cells in E14.5 palates.
The occurrence of cleft palate in the absence of apparent defects in brain morphogenesis in GAD67 knockout mice was unexpected. Previous pharmacological and genetic investigations, however, have indicated the involvement of GABA in palate. Administration of the GABA potentiator diazepam to pregnant mice induces cleft palate in their offspring (24) . GABA application to E14.5 mouse embryos in short-term culture also inhibits palate development (25) . Furthermore, cleft palate and neurological disorders are observed in pinkeyed cleft palate (p) mutant mice, which are thought to be defective in the ␤3 subunit of GABA A receptor (26, 27) . As indicated above, the GABA A receptor ␤3 subunit is required for palate formation, but the expression of this receptor in the palate has not yet been described. At present, it is not known whether GABA functions directly in palate formation or indirectly by affecting another part of the central nervous system. It is also not known whether GAD67 itself plays a specific role in the development of the palate. In vitro experiments on isolated cleft tissue (28) may provide clues to answer these questions.
Growth factors such as transforming growth factor ␤ and epidermal growth factor, intracellular signal transduction pathways involving protein kinases, and interactions between epithelial and mesenchymal cells have been investigated in connection with palate and craniofacial development (22, 29) . Cleft palate has also been shown to be induced by a variety of teratogens, including halogenated aromatic hydrocarbons (29) . How GABA is involved in the signaling cascades that function during palatal formation remains to be investigated.
Although GABA is generally regarded as the neurotransmitter or regulator of cell function, it can also be the substrate to be oxidized in ATP-generating tricarboxylic acid cycle in mitochondria (30) . The GAD-deficient mice should be useful for the study of this role of GABA.
It has been proposed that GAD65 participates more actively in nervous system function than GAD67, because GAD65 appears to be concentrated in the nerve terminals while GAD67 is not (3, 4, 11) . The results of our current and previous investigations (12) indicate, however, that GAD67, but not GAD65, substantially controls GABA levels and that GABA synthesized by GAD67 is involved in the development of the palate.
